The incidence and possible causes of paradoxical hypertension were evaluated in eight children who underwent balloon dilatation and seven children who underwent surgical repair of coarctation of the aorta. Both procedures resulted in a significant reduction in the coarctation gradient. Both systolic and diastolic blood pressures increased in the surgical group after repair, whereas systolic pressures decreased and diastolic pressures remained unchanged after balloon angioplasty. In the surgical group, but not in the balloon angioplasty group, plasma catecholamines and plasma renin activity rose during the first 2 days after relief of the coarctation. The data presented in this report support the hypothesis that the sympathetic nervous system and the renin angiotensin system are important mediators of the paradoxical hypertension that occurs after surgical repair of coarctation. Furthermore, balloon angioplasty of coarctation of the aorta does not stimulate either system and thus paradoxical hypertension is not a complication of this procedure.
IN CONTRAST TO other surgical procedures, severe hypertension commonly occurs during the first week after surgical repair of coarctation of the aorta.' -Such paradoxical hypertension usually resolves after several days provided that the repair has been satisfactory, but it frequently requires intensive antihypertensive therapy during the early postoperative period. Both the sympathetic nervous system' 2, 5 6 and the renin angiotensin system' 7`h pranolol treatment for 2 weeks before surgery and throughout the first postoperative week reduced the postoperative increase in plasma renin activity and prevented the development of paradoxical hypertension, although it did not affect the increase in plasma norepinephrine. Although these studies have demonstrated the importance of activation of the sympathetic nervous system in the pathogenesis of paradoxical hypertension, the mechanism of this activation remains unknown.
Balloon angioplasty has recently been introduced as a nonsurgical technique for treating coarctation of the aorta. The purpose of the present investigation was to determine if either activation of the sympathetic nervous system or the development of paradoxical hypertension occur after balloon dilatation of coarctation of the aorta.
Methods
Fifteen children undergoing primary repair of a native discrete coarctation of the thoracic aorta were studied. The surgical group consisted of seven children whose coarctation was repaired by a Dacron patch angioplasty technique. These seven children were the control subjects of a previous report. 10 All of the children received routine preoperative and postoperative care that included the administration of cephalosporin, mor- phine sulfate, and acetaminophen. Additional postoperative antihypertensive therapy was begun for significant elevation of blood pressure above preoperative values (greater than 160/105 mm Hg) in four patients (two received a-methyldopa throughout their postoperative course, one received reserpine on the second postoperative day, and one received reserpine, a-methyldopa. hydralazine, and trimethopan). The balloon angioplasty group consisted of eight children. All patients were premedicated with morphine sulfate (0.1 mg/kg body weight, maximum 5 mg) and diphenhydramine (1 mg/kg body weight, maximum 50 mg). A venous catheter was placed percutaneously in the right femoral vein and arterial catheters were placed percutancously in the left and right femoral artery. After placement of the catheters, all patients were given heparin systemically (100 units/kg body weight, maximum 3000 units). After simultaneous measurements of ascending and descending aortic pressures, an ascending aortic angiogram was obtained. The angioplasty balloon diameter was chosen to be I to 2 mm smaller than the diameter of the descending aorta just above the coarctation site. A 10 mm balloon was selected in two patients, a 12 mm balloon was used in five patients, and a 18 mm balloon was used in one patient. The balloon angioplasty catheter (Medi-tech, Watertown, MA) was then advanced over a guidewire and positioned across the coarctation site. The balloon was inflated by hand to 3 and 4 atmospheres of pressure with dilute contrast material and inflation was repeated two times. The balloon angioplasty catheter was then exchanged for another angiographic catheter. Simultaneous measurements of ascending and descending aortic pressures were repeated and a second ascending aortic angiogram was obtained (figure 1 and table 1). After the angioplasty, the children were monitored overnight in the intensive care unit and maintained in a supine posture for 12 to 18 hr. Within 18 hr after angioplasty, all patients were ambulatory and eating normally. Six of the eight children have undergone repeat cardiac catheterization 13 to 26 months (18 + 2 months) after angioplasty. The procedure was approved by the institutional review board and informed consent was obtained from all of the patients before the angioplasty procedure. Measurements of heart rate, right arm blood pressure, leg blood pressure, plasma renin activity, plasma norepinephrine concentration, and plasma epinephrine concentration were obtained with the children in the supine position at between 7 and 8 A.M. before (either the day before surgery or the morning of the balloon angioplasty), 1 day after, and 2 days after surgery or balloon dilatation. All arm blood pressures were determined with a cuff that occluded two-thirds of the upper arm. Systolic pressure in the leg was obtained from the left posterior tibial artery with a Doppler flow probe by use of a cuff that covered at least two-thirds of the calf. Plasma renin activity was measured by an assay for activity of angiotensin I (New England Nuclear, Kit No. NEA022). Plasma catecholamines were assayed by the radioenzymatic technique of Peuler and Johnson." Within each group, the mean and SEM for quantitative variables were calculated at each time interval. To ensure comparability of the groups, differences in preprocedure variables in the surgical group and the balloon angioplasty group were assessed by the Student t test for continuous data and the chi-square test for categorical data. Within each group, a repeated-measures test was performed to detect significant changes over time after angioplasty or surgery. This test was performed for all three measurement points (preoperative, first postoperative day, and second postoperative day). A two-factor analysis of variance for repeated measures (profile analysis) was performed for each variable to assess differences over time between the two groups. Nonparametric tests for pairwise comparisons (the Wilcoxon signed-rank test and the Friedman two-way analysis of variance) were performed on the plasma norepinephrine and epinephrine data because of the wide variation in values for these measurements.
Results
Clinical data on all 15 patients are presented in table 2. There were no statistical differences between the two groups with respect to age, sex, preprocedure right arm systolic/diastolic blood pressure, preprocedure coarctation gradient, or preprocedure plasma catecholamine concentrations. The preprocedure plasma renin activity was significantly higher in the balloon angioplasty group than in the surgical group. This may have been related to the fact that preangioplasty plasma renin activity was measured in the catheterization lab when the children had been without food or water for more than 12 hr. This was not the case in the surgical group. Both angioplasty and surgery resulted in a significant decrease in the peak systolic ejection gradient across the coarctation site, although the results of the surgical group were slightly better. Table 3 depicts the noninvasively measured upper extremity systolic and diastolic blood pressure of each patient in both groups. In the surgical group all seven children experienced an increase in systolic and/or diastolic blood pressure during the postoperative period. Despite four of the seven children receiving antihypertensive therapy, the mean systolic and diastolic pressured increased significantly (p < .05). In the balloon dilatation group, all but two patients (Nos. 9 and 10) experienced a decrease in the cuff-measured blood pressure after the angioplasty. No antihypertensive agents were necessary in any of the angioplasty patients after the procedure and the mean systolic and diastolic blood pressures for this group of patients decreased (p < .05 systolic and p = .07 diastolic). Figure 2 compares the postprocedure changes from baseline in systolic and diastolic blood pressures in the two groups of children. Systolic and diastolic blood pressure rose after surgical repair of coarctation whereas systolic pressure decreased and diastolic pressure remained unchanged after balloon angioplasty. Profile analysis demonstrated that the response in both the systolic and diastolic blood pressures differed significantly between the two groups (p < .05). Thus, after repair of coarctation the children in the surgical group, despite the use of antihypertensive agents, became hypertensive (particularly diastolic hypertension), whereas those in the angioplasty group did not. Figure 3 compared the postprocedure changes from baseline in diastolic blood pressure, plasma renin activity, plasma epinephrine, and plasma norepinephrine that occurred in the surgical and angioplasty groups. In the surgical group the plasma renin activity increased (p < .05)* (2.7 + 0.8 [SEMI ng/ml/hr preoperatively to 24 10 ng/ml/hr on the first day and 21 3.7 ng/ml/hr on the second postoperative day). In contrast, the balloon angioplasty group experienced no increase in plasma renin activity (5.5 + 0.8 ng/ml/hr before the procedure, 7 + 3.1 ng/ml/hr on day 1, and 4 + 2.2 ng/ml/hr on day 2). Furthermore, profile analysis demonstrated a significant difference in the pattern of renin response between the two groups (p < .05). Thus, in TABLE 3 Changes in cuff-measured blood pressure, heart rate, and peak systolic ejection gradient before and after the procedure CReserpine, a-methyldopa, hydralazine, and trimethophan, day 1 to discharge.
contrast to surgical repair, balloon angioplasty eliminated the response of the renin-angiotensin system to coarctation repair. Similarly, balloon angioplasty did not cause an increase in plasma catecholamines. In the balloon angioplasty group, neither plasma epinephrine nor norepinephrine increased from the preprocedure values of 109 ± 21 and 200 ± 19 pg/ml, respectively (152 ± 37 and 328 ± 60 pg/ml on day 1, and 122 ± 42 and 274 ± 36 pg/ml on day 2 after angioplasty). In contrast, in the surgical group both plasma epinephrine and norepinephrine significantly increased (p < .05) from the preoperative values of 90 ± 18 and 311 ± 52 pg/ml, respectively, to 670 ± 266 and 852 ± 247 pg/ml on day 1 and 398 ± 150 and 1055 ± 271 pg/ml on day 2 postoperatively. A significant difference in the pattern of the catecholamine response in the balloon angioplasty and surgical groups (p < .05) was also observed. Thus, the sympathetic nervous system was activated in the surgical group but not in the angioplasty group. Consistent with these findings was the observation that the heart rate response was also significantly different in the two groups (p < .05; 2). Heart rate increased in the surgical group from a mean of 91 + 4 beats/min preoperatively to 125 ± 4 beats/min on day 2 postoperatively, whereas in the balloon angioplasty group heart rate increased on day 1 but returned to near preprocedure levels on day 2 (85 ± 3 beats/min before the procedure, 114 ± 5 beats/ min/on day 1, and 94 ± 5 beats/min on day 2). Finally, there was no correlation in either group between the degree of residual coarctation obstruction (peak systolic ejection gradient range 4 to 20 mm Hg in the balloon angioplasty group and -8 to 20 mm Hg in the surgical group) and the change in blood pressure, heart rate, plasma renin activity, or plasma catecholamine concentrations after the procedure.
Discussion
Paradoxical hypertension develops in most patients during the immediate postoperative period after surgical repair of coarctation of the aorta. ' In the present study we have demonstrated that, unlike those in the surgical repair group, the eight children who had their aortic coarctation treated by balloon angioplasty did not experience paradoxical hypertension in the post- procedure period. Not only did we observe a different blood pressure response in the children who had balloon angioplasty when compared with the response in those in the surgically treated group, but we also demonstrated that the angioplasty group had a significantly different hormonal response.
Both the sympathetic nervous system'.56 and the renin-angiotensin system'7.' have been shown to be important mediators of paradoxical hypertension after repair of coarctation of the aorta. The data obtained in this study substantiate this hypothesis since the absence of paradoxical hypertension in the angioplasty group was associated with no postprocedure increase in either plasma renin activity or plasma catecholamine concentrations. Thus, without activation of either the sympathetic nervous system or the renin-angiotensin system, paradoxical hypertension did not occur. Furthermore, the present study documented that without activation of the sympathetic nervous system, plasma renin activity did not increase in the angioplasty group. This finding supports the hypothesis that the marked increase in plasma renin activity associated with surgical repair of coarctation of the aorta is mediated by the sympathetic nervous system. 10, 12 The present study also provides insights into the mechanism of activation of the sympathetic nervous 1190 system after surgical repair of coarctation. Both groups of children had significant relief of their aortic coarctation. After repair the residual systolic ejection gradient across the repair site was less in the surgical group than in the angioplasty group, but the difference between the two groups was hemodynamically small. In addition, the angioplasty group experienced a return to near-normal pulsatile flow in the descending aorta (figure 1 and table 1 ). There was no relationship between the residual coarctation gradient and any of the measured variables. The major difference between the two groups of children was the method by which the aortic coarctation was relieved. In the balloon angioplasty group the coarctation site was disrupted by balloon dilatation while in the surgical group a left thoracotomy was performed, the aortic arch was dissected free, cross-clamped, and cut, and a patch was sewn to the aorta. It has been shown that ligation of patent ductus arteriosus, which involves a left thoracotomy and surgical dissection of the descending aorta, does not result in activation of the renin-angiotensin system or the sympathetic nervous system or in paradoxical hypertension.9 It therefore appears that the surgical repair of the coarctation itself is responsible for the activation of the sympathetic nervous system, the increase in plasma renin activity, and the development of paradoxical hypertension. Malliani have monitored electrical activity from the preganglionic sympathetic fibers of T3 and have shown that aortic wall stretch caused increased electrical activity of some preganglionic fibers and decreased activity in others. Their data suggested that there are both excitatory and depressor sympathetic afferent fibers present in the thoracic aorta. Thus, it is possible that during surgical repair of aortic coarctation, disruption of some of the afferent thoracic sympathetic fibers occurs, leading to a loss of the normal balance of the aortic sympathetic mechanoreceptors and the development of a net increase in sympathetic activity. This increased sympathetic activity in turn stimulates renin release and leads to the development of paradoxical hypertension.
In summary, the present study suggests that, in contrast to surgical repair of coarctation, paradoxical hypertension does not occur after balloon dilatation. In addition, it appears that paradoxical hypertension is mediated by activation of the sympathetic nervous system, which probably occurs in response to surgical manipulation of the aorta.
